Risk for premature osteoporosis is a major health concern in astronauts and cosmonauts and the reversibility of the bone lost at the weight-bearing bone sites is not established although it is suspected to take longer than the mission length. The bone three-dimensional structure and strength which could be uniquely affected by weightlessness, is currently unknown. Our objective is to evaluate bone mass, microarchitecture and strength of weight-and non-weightbearing bone in 13 cosmonauts before and for 12 months after 4-6-month sojourn in the International Space Station (ISS). Standard and advanced evaluations of trabecular and cortical parameters were performed using high-resolution peripheral quantitative computed tomography. In particular, cortical analyses involved determination of the largest common volume of each successive individual scan to improve the precision of cortical porosity and density measurements. Bone resorption and formation serum markers, and markers reflecting osteocyte activity or periosteal metabolism (sclerostin, periostin) were evaluated. At the tibia, in addition to decreased bone mineral densities at cortical and trabecular compartments, a 4% decrease in cortical thickness and a 15% increase in cortical porosity were observed at landing. Cortical size and density subsequently recovered and serum periostin changes were associated with cortical recovery during the year after landing. However tibial cortical porosity or trabecular bone failed to recover, resulting in compromised strength. The radius, preserved at landing, unexpectedly developed post-flight fragility, from 3 months post-landing onwards, particularly in its cortical structure. Remodeling markers, uncoupled in favor of bone resorption at landing, returned to pre-flight values within six months, then declined further to lower than pre-flight values. Our findings highlight the need for specific protective measures not only during, but also after spaceflight, due to continuing uncertainties regarding skeletal recovery long after landing. This article is protected by copyright. All rights reserved Weightlessness during prolonged spaceflight is a well-established cause of increased bone resorption and decreased bone mineral density (BMD) in the human skeleton (1) . These changes occur despite the physical exercises prescribed to challenge the musculoskeletal system during spaceflight. In view of the increasing duration of present and planned space missions, including the goal of sending humans to Mars, understanding the exact nature of bone deterioration has become mandatory, with the ultimate aim of predicting the risk of premature osteoporosis and fracture and permitting the implementation of appropriate inflight countermeasures and rehabilitation programs after return to Earth (1) .
INTRODUCTION
return (R), three months±10 days (R+3m), six months±14 days (R+6m), and twelve months±14 days (R+12m).
The system uses a two-dimensional detector array in combination with a 0.08-mm point-focus x-ray tube, enabling the simultaneous acquisition of a stack of parallel computerized tomography slices with a nominal resolution (voxel size) of 82 µm ( Supplementary Fig. 1 ). The following settings were used: peak energy: 60 kVp, x-ray tube current: 900 µA, matrix size: 1536 x 1536. Attenuation data were converted to equivalent hydroxyapatite (HA) densities. Quality control was monitored by regular scans of a phantom containing HA rods embedded in a soft tissue-equivalent resin (15) , (16) .
Quality control and image acquisition were performed by two trained operators (MZ and HL) at Star City (Russia), except for the pre-flight measurements for the first two cosmonauts which were accomplished at the Charité hospital in Berlin (Germany).
Analyses of all computed tomography data were centralized at Scanco Medical AG and accomplished according to methods already described in detail (17) , (18) , (19) . Standard and advanced evaluations of trabecular and cortical parameters were performed (15) , (19) . After manual correction of the periosteal and endosteal contours when needed, total vBMD was calculated as the total amount of mineral divided by the total bone volume within the periosteal contour. This volume was then separated into a cortical and a trabecular compartment, each compartment being analyzed separately.
For the trabecular compartment, standard methods were used. Density and morphology parameters were calculated by HR-pQCT according to the protocol recommended by the manufacturer (Scanco Medical AG) and as described in previous studies (16) , (17) . Briefly, trabecular vBMD (Tb.vBMD) was calculated as the total amount of mineral within the trabecular compartment, divided by the volume of that compartment. The ratio of bone volume to tissue volume (Tb.BV/TV, %) was derived from Tb.vBMD, assuming that fully mineralized bone has a mineral density of 1.2 g HA/cm 3 (i.e. BV/TV (%) = 100 × [Tb. vBMD (mg HA/cm 3 ) / 1200 mg HA/cm 3 ]). To quantify bone morphology, a Laplace-Hamming filter was first applied to the images, after which the bone tissue was segmented using a fixed threshold. A direct method was used to measure the trabecular number (Tb.N, mm -1 ) from the segmented images. Trabecular thickness (Tb.Th, µm) and separation (Tb For the cortical compartment, advanced methods were used. To calculate cortical area (Ct.Ar, mm 2 ) and cortical thickness (C.Th, mm), cortical bone was analyzed by means of segmentation technique, as previously described (18) , (19) . This technique involves three stages:
(a) segmentation of the cortical bone compartment by an auto-contouring process, generating the periosteal and endosteal contours; (b) cortical porosity segmentation; and (c) generation of a refined cortical mask by combining segmented cortical bone and porosity images.
Automatically generated contours were inspected to ensure their proper placement. When the contour visually deviated from the apparent periosteal or endosteal margin, manual adjustments were made to the region concerned. Ct.Ar was calculated on a slice-by-slice basis and then averaged over all slices. Ct.Th was determined using a direct method on the filled cortical contours (direct measurement of the endosteal-periosteal distance).
Cortical structural analyses involved determination of the largest common volume (LCV) of each successive individual scan using three-dimensional rigid image registration, to ensure that exactly the same cortical region was used for all measurements and to improve the precision of cortical porosity (Ct.Po LCV ) and density (Ct.vBMD LCV ) measurements (20) .
Ct.Po LCV represents larger Haversian porosity and changes in this parameter during follow-up
are insensitive for endocortical remodeling, real or artefactual boundary irregularities related to tilting or placement errors and the cortical segmentation process. For this purpose, the baseline image was first rotated by one degree in all directions and this rotated image was considered the reference position. Using three-dimensional rigid registration, the adjustments needed to transform the follow-up images to this reference position were determined. The cortical compartment of the baseline and follow-up images was then transformed to the reference position, after which the LCV of this compartment was obtained. This LCV was then back-transformed to the original baseline and follow-up images and served as the contour for cortical morphology analyses. For bone within the LCV, Ct.vBMD LCV was defined as the total amount of mineral within the LCV divided by its volume. Ct.Po LCV was determined as the volume of all pores within the LCV, divided by the total volume of the LCV. Only pores not touching or penetrating the cortical compartment were considered, thus representing only osteonal porosity. For the radius the cortical LCV on average is 70% of the baseline cortical compartment volume, while for the tibia the cortical LCV on average is 71% of the baseline cortical compartment volume.
The coefficient of variation for measurements of geometry, vBMD, and microarchitecture calculated for the 13 cosmonauts (evaluated twice at different intervals preflight at Star City) were between 0.3% (for vBMD) and 7.2 % (for porosity), values in agreement with previously reported reproducibility data (16) , (17) , (21) . Image quality control (22) discarded images from some examinations of the tibia (1.5%) and radius (16%). The missing values (other than pre-flight values) were estimated on the basis of the median rate of change from pre-flight values.
Finally, micro-finite element (FE) analysis was performed as described earlier (9) , (23) to estimate failure load following uniaxial compression. Briefly, the voxels representing bone tissue in the segmented image were converted to elements using a voxel conversion technique. For all elements, a Young's modulus of 10 GPa and a Poisson's ratio of 0.3 were used. Boundary conditions represented a high friction compression test. Failure load was estimated on the basis of a criterion assuming that failure will occur if more than 2% of the tissue is strained beyond 0.7% (9) .
All image processing, morphology and finite element analyses were performed using the software Image Processing Language (IPL) v5.08B and IPL FE v2.01 (Scanco Medical AG., Brüttisellen, Switzerland).
Biochemical markers of bone cellular activities
Fasting blood was collected at each HR-pQCT measurement and at an additional time point between 7 and 14 days after landing, reported as "R+0.3m". Serum osteocyte markers were also assessed: sclerostin levels were evaluated as previously described (Teco Medical Assay) (24) and periostin levels were measured by a sandwich ELISA assay (SEH339Hu, USCN, China), using two antibodies raised against the same section of human recombinant periostin, namely the fasciclin-1 like domain (amino acids 97-230) (25) .
Statistical analysis
Data were expressed as the median and interquartile range (IQR). Post-flight changes, R+0.3m (for bone biochemical markers only), R+3m, R+6m, and R+12m were expressed as the percentage differences from pre-flight values (mean±SD). The statistical significance of changes compared with pre-flight values was assessed using Friedman's rank-sum test. Wilcoxon's tests corrected by the false discovery rate adjustment method of Benjamini and Hochberg (26) were used for post-hoc pairwise comparisons. Comparisons of pre-flight vs.
post-flight DXA data were performed using Wilcoxon's test.
Using Spearman's nonparametric correlation, we investigated the association between the mission duration ( Supplementary Table 1 ) and the different parameters measured in the present study. As there is no significant correlation, we have combined the data, given that statistical analysis is on repeated measures and thus examined individual differences from preflight values.
We also investigated the association between changes in serum biochemical markers and HR-pQCT parameters, and the question of whether baseline vBMD, microarchitecture, or biomechanics could predict subsequent response to spaceflight.
All statistical tests were performed using R statistic software (version 3.1.1) supported by the R Foundation for Statistical Computing. A p value of less than 0.05 was considered to indicate statistical significance.
RESULTS

Effects of spaceflight on aBMD (DXA)
As part of the standard medical monitoring, aBMD was measured, using DXA at the hip (total and femoral neck) and lumbar spine (L1-L4), before the space-mission and after landing. Areal BMD decreased at all sites (Supplementary Table 2 ), in a proportion similar to that already reported (2) , i.e. -0.9 to -1% per month.
Effects of spaceflight and re-ambulation on bone density, microarchitecture, and strength
Back on Earth (R), cortical (Ct.vBMD LCV ) and trabecular (Tb.vBMD) densities were below pre-flight values at the distal tibia (-1.5% and -2%, respectively) ( Fig. 1, A and B, and Table 1A ). Moreover, a 4% decrease in cortical thickness (Ct.Th) and a 15% increase in cortical porosity (Ct.Po LCV ) were observed ( Fig. 1 , C and D, and Table 1A ). During the one-
year re-ambulation period, tibia trabecular density (Tb.vBMD) and trabecular bone volume fraction (Tb.BV/TV) did not show any sign of recovery ( Fig. 1, B and Table 1A ). The tibia cortex (Ct.vBMD LCV and Ct.Th) showed effective recovery from 6 months after landing onward but with the exception of Ct.Po LCV (Fig. 1 , A, C and D and Table 1A ). These contrasting results were not sufficient to achieve recovery of either total vBMD or, more importantly, FEA-estimated ultimate load. In fact, both parameters displayed significantly and permanently decreased values over the one-year follow-up period, compared to pre-flight values ( Fig. 1 , E and F, and Table 1A) .
At the distal radius, no change was evidenced at landing. Unexpectedly, from 3 months post-landing onwards, total vBMD, Tb.vBMD, Ct.Th and cortical area (Ct.Ar) progressively deteriorated ( Fig. 1, E , B and C, and Table 1B) , whereas no significant changes in Ct.vBMD LCV and Ct.Po LCV were seen ( Fig. 1 , A and D, and Table 1B ). As a consequence, radius FEA-estimated ultimate load consistently tended to decrease over time ( Fig. 1 , F and Table 1B ).
Effects of spaceflight and re-ambulation on bone biochemical markers
Fasting blood was collected at each HR-pQCT measurement. One additional blood sample was drawn between 7 and 14 days after landing, reported as "R+0.3m".
As expected, bone resorption was significantly increased during spaceflight, as reflected by a marked increase in serum C-terminal (CTx: +90%) and N-terminal (NTx: +41%) cross-linked telopeptides of type I collagen at landing (R), compared to pre-flight values ( Fig 2, A and B, and Table 2 ). Serum CTx and NTx levels returned to pre-flight values by the third month post-flight (R+3m), and then declined to values at R+12m significantly lower than those measured pre-flight (CTx: -37%; NTx: -26%).
With respect to bone formation, serum C-terminal propeptide of type 1 procollagen (P1CP) increased significantly at R+0.3m (+42% vs. pre-flight values), and then paralleled the changes in resorption markers, dropping down to levels at R+12m significantly lower than those measured pre-flight (-33% vs. pre-flight values, Figure 2C and Table 2 ). Serum intact/N-mid fragment osteocalcin (OCN) levels and bone-specific alkaline phosphate (bAP)
showed trends similar to that of P1CP ( Fig. 2D and Table 2 ).
Sclerostin and periostin levels did not change significantly, although periostin tended to increase at R+0.3m compared with pre-flight values (Fig. 2 , E and F, and Table 2 ).
No major changes were seen with respect to serum bone metabolism regulators (intact parathyroid hormone [PTH], 1,25 dihydroxy-vitamin D, calcium and phosphorus; Table 2 ).
Relationship between structural parameters and bone biochemical markers during spaceflight and re-ambulation
In the radius, percentage changes in levels of the bone resorption markers CTx and NTx were negatively correlated with changes in total vBMD, Ct.Ar, Ct.Th, Tb.vBMD and Tb.BV/TV during the flight period (Table 3A ). This suggests that even though no changes were observed in post-flight HR-pQCT radius parameters in the group of cosmonauts as a whole, resorption activity may nevertheless be associated with bone deterioration, at least in some subjects.
In the tibia (Table 3B) (Table 3B ).
Baseline predictors of bone deterioration at post-flight time points
Among all the baseline parameters tested, only the percentage changes between preflight and post-flight values of tibia Ct.Ar (Fig. 3A ) and Ct.Th (Fig. 3B ) were found to be significantly and inversely correlated with their respective pre-flight values, indicating that the thinner the cortex initially, the greater the in-flight cortical bone loss. However, we did not find any correlation between an initially thinner cortex and a specific biological marker profile ( Supplementary Table 3 ). Similarly, there was no correlation between an initially thinner cortex and the cumulative time spent in space for cosmonauts who had participated in several space missions (Supplementary Table 4 ).
DISCUSSION
Our main findings showed that at distal tibia, cortical bone thickness and density eventually recovered after return to Earth but cortical porosity and trabecular bone failed to recover, resulting in deficits in ultimate load. The distal radius was preserved at landing as expected (4) , (27) , (28) , but developed a progressive fragility during the post-flight follow-up.
Bone remodeling markers regained pre-flight levels within 6 months after landing, but then declined to lower than preflight values between 6 and 12 months.
The skeleton therefore adapts to spaceflight conditions, but unlike the changes associated with a systemic bone disease like osteoporosis, bone modifications resulting from spaceflight occur in a site-and compartment-specific manner with the weight-bearing bones being the most affected.
In the head-down tilt bed rest space analog, HR-pQCT was performed in the female WISE study of two-month duration (29) . At tibia, trabecular BMD was decreased at the end of the bed rest (-3.7% vs. pre-bed rest) in proportion slightly greater than in the current EDOS study, and failed to recover one year later, as in EDOS. Tibia cortical BMD and thickness decreased after bed rest and resumed pre-bed rest values six months after the end of bed rest, differences being two fold smaller than in EDOS. The radius, on the other hand, did not show any significant changes at any time (29) . Nevertheless it is important to highlight that cortical data cannot be compared between WISE bed rest and EDOS spaceflight, being obtained in different ways (i.e., standard parameters and derived from determination of the largest common volume, respectively). Moreover, the deterioration of comparable parameters of tibia cortex microstructure observed after EDOS spaceflight was 4-fold greater than that seen in a 2-year longitudinal study in early postmenopausal women with osteopenia (30) .
The deficits observed in the radius within the year after landing, certainly cannot be attributed to an age-related deterioration, as previous HR-pQCT studies have shown that men within the same age range experienced no changes in Tb.vBMD over a 3-year period and only a moderate yearly increase in Tb.N and Ct.Th (31) . It may be speculated that the non-weight bearing distal radius is partly protected from damage caused by zero gravity thanks to its intense use during spaceflight (including resistive exercises) and the headward fluid shift phenomenon (32) . It is possible that this site experiences transient relative unloading after return to Earth, as mechanical stimuli are insufficient to counteract the normalization of fluid distribution. The time frame of adverse microstructural changes in the radius cortex, with a progressively increasing occurrence up to 6 months followed by a plateau, is consistent with this hypothesis. It is also possible that after return to Earth, re-loaded tibia cortex bone is restored at the expense of radius bone, which would suggest that the radius is a potential calcium reservoir for the tibia. Calcium redistribution, also seen in rats after a 14-day space exposure (33) , could be driven either by blood distribution normalization or by mechanical stimulation.
We Table 2 ), possibly owing to a differentiationrelated lag time of precursor cells. This pattern is reminiscent of an anti-sclerostin effect (38) and may be compatible with the reloading-induced recovery seen in the tibia cortex.
Interestingly, serum periostin might exert these anti-sclerostin effects in the cortical envelope in response to changes in mechanical loading (14) , (39) . In fact, this marker predicts After the 1-month BION-M1 mission, we evidenced a dramatic increase in empty osteocyte lacunae in mouse skeletons, suggesting osteocyte death (manuscript accepted in Sci.
Rep.). Osteocytes orchestrate bone resorption and formation activities through the production of cytokines, including osteoclastogenic and osteoblastic signaling proteins (such as sclerostin and periostin), the two activities balancing directly at the remodeling site (40) . We could not investigate whether our crew members similarly experienced massive osteocyte death. If so, this might explain, at least in part, why serum levels of sclerostin (reflecting the pool of mature osteocytes) remained unchanged, although we observed a delayed decrease in bone remodeling, possibly related to radius bone deterioration. In mice, short-and long-term investigations of long bones were conducted after 70-80% of the osteocytes had been killed in vivo through targeted expression of diphtheria toxin receptor (41) . After 8 days, increased bone resorption and intra-cortical porosity were seen; after 40 days, bone cellular activities decreased, this decline being associated with fragile cortical and trabecular bone, and microfractures.
Overall, these results suggest the following scenario as regards bone cell activities: (1) during spaceflight, apoptotic osteocyte-related production of pro-osteoclastic cytokines (such as RANKL) triggers osteoclastic resorption activity, as seen during unloading (42) ; (2) during the first 6 months after return to Earth (4-6 months being the duration of a bone remodeling cycle in humans, (43) ), the switch from zero gravity to 1 g normalizes bone resorption which Limitations of the study relate mainly to the small sample size, a constraint of manned space missions. Furthermore, inter-individual heterogeneity was substantial and, in conjunction with the limits of HR-pQCT resolution, may have precluded detection of differences in trabecular microstructure. Such heterogeneity was expected (3) , (36) , (37) , but its underlying cause is unclear. We have no quantitative information regarding individual nutrition or physical activity. Crew members are advised to practice aerobic and resistance exercises for two hours daily, including use of the new Advanced Resistance Exercise Device which, in association with improved dietary intake, can attenuate bone loss (35) . While our data clearly demonstrate that these measures were not sufficient, decreases in tibia vBMD were indeed smaller after the missions we studied than after the earlier Mir missions (Ct.vBMD: -1.5% and -1.8%; Tb.vBMD: -2% and -5.4%, respectively). As in the Mir space station sojourns (4) , the most experienced cosmonauts who had participated in several previous missions were not those who suffered the largest bone deficiencies.
In conclusion, most of the bone deterioration detected in the spacemen participating in this study may include irreversible features. Although bisphosphonates, drugs inhibiting bone resorption used to supplement exercises, have shown efficacy in preserving DXA-BMD at the spine and hip levels (44) , the observed heterogeneity in bone response pattern might lead to unpredictable therapeutic responses. The question now is how to evaluate the extent to which these deteriorations in bone structure will trigger or exacerbate bone fragility, and to identify the most vulnerable crew members. Other questions concern the adequacy of recovery followup after return to Earth and the effect of cumulative exposures to spaceflight. Skeletal rehabilitation after return to Earth should be reconsidered, by targeting not only the lower limbs but also, and maybe principally, the forearms.
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